(Cu 0:5 Zr 0:425 Ti 0:075 ) 99 Sn 1 bulk glassy alloy exhibited a large plastic strain to failure, about 8%, in uniaxial compression. High resolution transmission electron microscopy showed formation of nanocrystallites in the sample subjected to a plastic strain of about 3%. The large plasticity was attributed to the deformation-induced nanocrystalization in an amorphous phase.
Introduction
Most bulk metallic glasses (BMGs) exhibit a high strength and large elastic limit, but a limited plasticity (0-2%) prior to failure in an unconfined geometry at ambient temperature. 1) In this case, plastic deformation is highly localized into a single or few shear bands, and these bands are typically 20-30 nm wide. Shear bands can initiate cracks, which will cause the macroscopic fracture of the sample.
2) On the other hand, metallic glassy matrix composites can possess significantly enhanced ductility, in which a second crystalline phase can act both as initiation sites for the shear bands and as barriers to the shear band propagation and result in a dramatic increase in the number density of shear bands. 3, 4) [5] [6] [7] [8] It was proposed that the significantly improved plasticity resulted from either medium-range order, 5) atomic size inhomogeneity, 6) phase separation 7) of glassy structure or high Poisson ratio of certain amorphous material. 8) However, the microstructural evolution of BMGs during plastic strain hadn't been investigated in these studies. In our study, it was found that (Cu 0:5 Zr 0:425 Ti 0:075 ) 99 Sn 1 BMG exhibited large plasticity in compression and nanocrystallites were observed in the deformed sample. This paper reported the pronounced ductility of (Cu 0:5 Zr 0:425 -Ti 0:075 ) 99 Sn 1 BMG and effect of the deformation-induced nanocrystallization on plasticity of the BMG.
Experimental Procedure
Alloy ingot was prepared by arc melting the mixtures of pure Cu, Zr, Ti and Sn elements in a purified argon atmosphere. Cylindrical rod with a diameter of 2 mm were prepared from the ingot by injection casting into copper mold. Cylindrical rods (2 Â 4 mm) were used to measure compressive mechanical properties at a strain rate of 4:0 Â 10 À4 s À1 on an Instron-type testing machine. Microstructures of as-cast and deformed samples were examined by X-ray diffraction (XRD) and a JEM 2010 high-resolution transmission electron microscopy (HRTEM) operated at 200 kV. Shear bands were investigated by scanning electron microscopy (SEM). For preparation of a TEM specimen, a disk of 0.5 mm thick was cut from the cylindrical rod, and then subjected to mechanical thinning to 30 mm thick and finally ion-milled it using a liquid-nitrogen specimen cooling stage.
Results and Discussion
The critical diameter for glass formation of (Cu 0:5 Zr 0:425 Ti 0:075 ) 99 Sn 1 alloy is 6 mm. 9) A fully amorphous microstructure without any crystalline feature can be confirmed for the as-cast 2-mm diameter rod, according to the HRTEM image and the corresponding selected-area electron diffraction (SAED) pattern with a diffused halo ring (as shown in Fig. 1) . Figure 2 shows the nominal stress-strain curve in uniaxial compression. It exhibits an elastic strain limit of about 2%, a maximum strength of 1809 MPa and a plastic strain of about 8% to failure. To investigate changes of microstructure, a sample subjected to the compressive test was unloaded while the nominal plastic strain reaches about 3%.
A number of primary and secondary shear bands are formed for the sample subjected to a plastic strain of about 3%, as shown in Fig. 3 , and therefore the shear bands can exist in the specimen for TEM observation. Figure 4 shows (a) HRTEM image and (b), (c) SAED patterns of the deformed sample. The HRTEM image shows that nanocrystallites with diameters of 2-5 nm are randomly distributed in the amorphous matrix. The nanocrystallites primarily are identified to be cubic CuZr (d 110 ¼ 0:240 nm) by measuring the d-spacings, and further investigation is underway. In the corresponding SAED patterns [ Fig. 4(b) ], two sharp rings can be observed, plus diffuse halo rings originating from the amorphous matrix. However, the SAED patterns, similar to that of as-cast sample and indicating an amorphous structure, for some regions in this sample can be seen [ Fig. 4(c) ]. It is implied that the nanocrystallites form largely within shear bands and the undeformed regions still remain amorphous structure. It should be mentioned that the positions of halo rings in Figs. 4(b) and (c) are different. The difference is probably resulted from the change of camera length, or the changes of structure and/or composition of amorphous phase due to the precipitation of deformationinduced nanocrystallites.
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The local plastic strain within a single shear band can be quite significant while the BMGs are deformed at room temperature. A BMG prepared by rapid solidification contains an excess quenched-in free volume, and additional free volume can be created by severe plastic strain. 10) Due to the highly localized deformation, it is expected that free volume within shear bands increases drastically and viscosity decreases dramatically. Consequently, atomic mobility in shear bands is substantially enhanced, and even the diffusion constant can approximate that of a metallic glass above glass transition temperature.
11) Therefore, kinetically the precipitation of nanocrystallites in a severely deformed amorphous phase is facilitated. On the other hand, the decrease of viscosity within shear bands could be offset due to formation of a mixture of nanocrystalline and amorphous phases, and thus the propagation of primary shear bands could be impeded by the deformation-induced nanocrystallization. As a result, new shear bands are initiated to accommodate the applied strain and therefore the high density of shear bands is formed, which lead to the noticeable plasticity of this present glassy alloy.
Summary
In summary, (Cu 0:5 Zr 0:425 Ti 0:075 ) 99 Sn 1 BMG exhibits a combination of high maximum strength of 1809 MPa and a large plasticity of about 8%. Nanocrystallites were observed in the sample subjected to a plastic strain of 3%. The superior plasticity of the present BMG was attributed to the in-situ nanocrystallization during plastic deformation. Fig. 4 (a) HRTEM image and (b), (c) SAED patterns of the sample subjected to a plastic strain of about 3%.
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